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ABSTRACT 
 
 
This master thesis is going to study and investigate the thermal treatment’s effects on 
the high Mn-TWIP steels. In order to get these aims some factors can be studied, such 
microstructures and mechanical properties of high Mn-TWIP steels. The objective of 
this study are as follows: 
 
 Study the microstructure evolution of high Mn-TWIP steels thermally treated (i.e. 
grain size, phase transformation, etc). 
 
 Study the mechanical properties (hardness, tensile properties and high cycle 
fatigue) of high Mn-TWIP steels with different microstructures. 
 
 Thermal fatigue evolution (from 0 up to 75 cycles) at 500°C in order to determine 
the microstructure evolution and their mechanical properties (harness and 
tensile properties). 
 
In present project, in order to study the microstructure the field emission scanning 
electron microscopy (FESEM) used. For testing the mechanical properties, Vickers 
hardness method applied for hardness test, tension condition for tensile test and high 
cycle fatigue has been used for fatigue properties. 
 
Microstructural study indicates that thermal treatment can change the microstructure 
of the samples, it observed that the grain size changed in various condition. Martensitic 
and pearlitic transformation occurred under thermal treatments and thermal fatigue 
conditions respectively. In samples which were thermally fatigued, the concentration 
of the pearlitic phase increased by increasing the number of cycles. 
 
Thermal treatments can have some effects on mechanical properties. Hardness of the 
materials decrease by increasing the temperature in thermal treatments while thermal 
fatigue increases the hardness of materials by increasing the number of cycles. 
Samples which were thermally treated and thermally fatigued showed more brittle 
behavior compared with the samples which were not thermally treated. It have seen 
that the voids, TiN and pearlitic phase are the main reasons of fracture under tensile 
tests. Finally it observed that the life time of the materials can be affected by annealing 
the samples at 1000°C and normalizing this sample in air. 
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1. INTRODUCTION 
 
 
1.1. Metal Stable Steels 
 
Austenitic steels are a material group which due to its excellent properties is widely 
employed in many important industry sections (i.e. transport, food, petrochemical 
pipes, among others [1, 2]). 
 
Metastable austenitic steels in particular are distinguished by the possibility to improve 
their mechanical properties, being the Transformation induced plasticity (TRIP) and 
Twinning induce plasticity (TWIP) the most common stainless steels enclosed in this 
set of steels. In this master thesis we will focus our attention to shield some light with 
the understanding the relation between microstructural and their mechanical properties 
for TWIP steels thermally treated. 
 
The TWIP steel was discovered around ten years ago (2004) by Georg Frommeyer in 
order to enhance the ductility to absorb energy in the incident of a vehicle collision, 
while maintaining its stability and strength to protect the passenger cabin. The main 
characteristic of this set of materials, is that they contain high amount of manganese 
(17-24%), which stabilize the austenitic phase at room temperature. However, TWIP 
steels present small quantities of carbon, aluminum and silicon. One of the main 
mechanical properties is that the TWIP steel can be stretched by up to 90% of its length 
without breaking [3]. Furthermore, it is necessary to mention that a large amount of 
deformation is driven by the formation of mechanical twins. This deformation mode 
leads to the naming of this steel class. The twinning causes a high value of the 
instantaneous hardening rate as the microstructure becomes finer and finer. Then, the 
deformation mechanisms activated can act like grain boundaries and strengthen the 
steel reaching a values of around 800 MPa with a total elongation of above 85% [4]. 
Figure 1.1 shows an example of a commercial deformed TWIP steel where some 
mechanical twins which created during the deformation process can be clearly 
distinguished.  
 
 
 
 
Figure 1.1 Microstructure of commercial TWIP steel with some mechanical twins [5] 
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Furthermore, depending on their chemical composition, this austenitic TWIP steels 
present a bimodal microstructure as well as some annealing twins as it depicts in 
Figure 1.2.  
 
 
 
 
Figure 1.2 FESEM micrograph of bimodal microstructure of TWIP steel [5] 
 
 
1.2. Crystallographic structure 
 
In stainless steels several phases are heterogeneously distributed inside a majority 
austenitic phase. In this section we briefly will describe the main phases present in the 
binary phase diagram for the high Mn-TWIP steels. 
 
 
 
 
Figure 1.3 Phase diagram of high Mn-TWIP steel [24] 
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As it can be appreciated in Figure 1.3, the main phases present for the high Mn-TWIP 
steels are: ferrite, cementite, prealite as well as martensite. 
 
I) Austenite, (gamma phase iron -Fe), is a metallic, non-magnetic allotrope of iron or 
a solid solution of iron, with an alloying element. In plain-carbon steel, austenite exists 
above the critical eutectoid temperature of 730 °C; other alloys of steel have different 
eutectoid temperatures as can be found in ref [6]. From 912°C to 1,394 °C alpha iron 
undergoes a phase transition from body-centered cubic (BCC) to the face-centered 
cubic (FCC) configuration of gamma iron, also called austenite. This is similarly soft 
and ductile but can dissolve considerably more carbon (as much as 2.04 wt% at 
1,146 °C). The austenite phase is exhibited by the most commonly used type of 
stainless steel for making hospital and food-service equipment [7]. 
 
The FCC system is closely related to the hexagonal close packed system, and the two 
systems differ only in the relative placements of their hexagonal layers. The [111] 
(Figure 1.4) plane of a FCC system is a hexagonal grid. 
 
 
 
 
Figure 1.4 Plane with [111] Miller indices in cubic crystal 
 
 
II) Martensite most commonly refers to a very hard form of steel crystalline structure, 
but it can also refer to any crystal structure that is formed by diffusion-less 
transformation. This phase is made from austenite, a solid solution of iron with a small 
amount of carbon in it [8]. It includes a class of hard minerals occurring as lath or plate-
shaped crystal grains. When viewed in cross section, the lenticular (lens-shaped) 
crystal grains are sometimes incorrectly described as acicular (needle-shaped) [9], see 
Figure 1.5. Furthermore, the term "martensite" usually refers to a form of steel with a 
distinctive atomic structure created through a process called martensitic 
transformation. This phase mainly present after deformation in metastable austenitic 
stainless steels. Martensite is very hard, meaning that it will not indent or scratch easily; 
this makes it a popular choice for tools, such as hammers and chisels, as well as 
swords. It is brittle, however, so it will break rather than bend when put under too much 
pressure. Finally, this phase can be created by two different routes: thermally or 
mechanically after thermal treatment and subsequent quench of the specimen and 
under deformation, respectively. 
 
As we commented previously, martensitic transformation occurs when the austenite is 
rapidly cooled in a process known as quenching. The rapid reduction in temperature 
traps the carbon atoms inside the crystal structures of the iron atoms. This causes the 
crystals to change from FCC to body-centered tetragonal; the crystals are stretched 
hence that they are square on each end but longer on the sides, and the lattice points 
that were in the center of each face are now joined together at one point in the center 
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of the crystal. This new structure increases the hardness of the steel [8]. In certain alloy 
steels, martensite can also be formed by the working and hence deformation of the 
steel at temperature, in its austenitic form, by quenching to below the temperature at 
which austenite transform to martensite (Ms)  and then working by plastic deformations 
to reductions of area to 40% or as little 20% of the original. The process produces 
dislocation densities up to 1013/cm2. The great number of dislocations, combined with 
precipitates that originate and pin the dislocations in place, produces a very hard steel 
(this property is frequently used in toughened ceramics like yttria-stabilized zirconia 
and in special steels like TRIP steels). Thus, martensite can be thermally induced or 
stress induced [8]. 
 
The resulting martensitic steel is extremely hard, but brittle at the same time, so it will 
resist lower stresses than the austenitic phase. To address this weakness, martensite 
is heated in a process called tempering, which causes the martensite to transform 
partially into ferrite and cementite. This tempered steel is not quite as hard, but 
becomes tougher and more malleable, and thus better suited for industrial applications. 
Tempered martensite's hardness makes it a proper material for tool steels, since 
resistance to abrasion and deformation is important in such applications.  
 
Stainless steel, which contains chromium as well as iron and carbon, can also be made 
with a martenistic crystalline structure. This form is less resistant to corrosion than 
other forms of stainless steel, but it is also stronger and more easily machined in most 
cases. One method of making it, called precipitation hardening (or age hardening), 
adds impurities like chromium and nickel during a process of extended heat treatment; 
precipitation-hardened martensitic stainless steel has even greater strength along with 
high corrosion resistance. Such steel is often used in military and aerospace 
applications [11]. The martensitic transformation is the best known example of 
displacive transformation, a type of phase change in which the atoms of a material 
move short distances in unison rather than diffusing individually over longer distances. 
A phase change occurs when a substance changes from one state, like a solid, to 
another, like a liquid. Because they are so well known as a type of displacive 
transformation, the terms "martensite" or "martensitic" are sometimes used in a 
broader sense to describe any material produced by displacive transformation [11]. 
 
 
 
 
Figure 1.5 FESEM image of the martensitic phase [10] 
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III) Pearlite is an iron alloy that is characterized by the formation of distinct bands of 
ferrite and cementite. It contains around 88% ferrite and 12% cementite. This phase is 
rare to find it in TWIP steels, however, recently observed [12] the pearlite formation 
due to the austenitic decomposition thermally treated at 500ºC Pearlite is known for 
being tough, thanks to the way in which it forms, and it may be used in a variety of 
applications [13].  
 
In other view it is a two-phase, lamellar (or layered) structure composed of alternating 
layers of alpha-ferrite (88 wt.%) and cementite (12 wt.%) that occurs in some steels 
and cast irons. In fact, the lamellar appearance is misleading since the individual 
lamellae within a colony are connected in three dimensions; a single colony is therefore 
an interpenetrating bicrystal of ferrite and cementite. In an iron-carbon alloy, during 
slow cooling pearlite forms by a eutectoid reaction as austenite cools below 727 °C 
(the eutectoid temperature). Pearlite is a common microstructure occurring in many 
grades of steels. The eutectoid composition of austenite is approximately 
0.76.wt.% carbon; steel with less carbon content will contain a corresponding 
proportion of relatively pure ferrite crystallites that do not participate in the eutectoid 
reaction and cannot transform into pearlite. Likewise steels with higher carbon contents 
will form cementite before reaching the eutectoid point. The proportion of ferrite and 
cementite forming above the eutectoid point can be calculated from iron/iron-carbide 
equilibrium phase diagram using level-rule [13]. 
 
Steels with pearlitic (eutectoid composition) or near-pearlitic microstructure (near-
eutectoid composition) can be drawn into thin wires. Such wires, often bundled into 
ropes, are commercially used as piano wires, ropes for suspension bridges, and as 
steel cord for tire reinforcement. Pearlite is one of the strongest structural bulk 
materials on earth since high degrees of wire drawing (logarithmic strain above 3) leads 
to pearlitic wires with high yield strengths. Although pearlite is used in many 
engineering applications, the origin of its extreme strength is not well understood. It 
has been recently shown that cold drawing not only strengthens pearlite by refining the 
lamellae structure, but also simultaneously causes partial chemical decomposition of 
cementite and even a structural transition from crystalline to amorphous cementite. 
The deformation-induced decomposition and microstructural change of cementite is 
closely related to several other phenomena such as a strong redistribution of carbon 
and other alloy elements like Si and Mn in both the cementite and the ferrite phase; a 
variation of the deformation accommodation at the phase interfaces due to a change 
in the carbon concentration gradient at the interfaces; and mechanical alloying [14].
  
 
Steel may sometimes be advertised as “pearlite-free.” This type of steel tends to be 
less prone to cracking and metal fatigue, which makes it popular for certain types of 
applications. Brittle fracture of steel is a concern in some situations and pearlite-free 
steel may be preferred in these cases. Its level can also be adjusted to meet various 
needs, and the properties of the steel can also be influenced by the use of different 
alloy materials, depending on how and where the steel is going to be used.  
 
Perlite can be identified by studying the structure of the alloy. Especially under a 
microscope, it has a very distinctive appearance created by the lamellar bands, see 
Figure 1.6. Pearlite is around the middle of the chart in terms of strength when 
compared to other iron alloys. People who work with iron and steel need to know about 
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the different phases, microstructure and how the mechanical properties are intrinsically 
correlated with their chemical composition to understand the materials they are 
working with, and how those materials can be applied [14]. 
 
 
 
 
Figure 1.6 FESEM image of the pearlitic phase [12] 
 
 
1.3. Chemical composition 
 
TWIP steels mainly contain Iron (Fe), Manganese (Mn) and Carbon (C), these are 
three main elements of TWIP steels. TWIP steels contain other alloying elements like 
Titanium (Ti), Aluminum (Al), Nickel (Ni), Chromium (Cr), Silicon (Si), Phosphorus (P), 
Nitrogen (N), Niobium (Nb) and Vanadium (V). The Chemical Composition and the 
percent abundance of each element depends on the kind of TWIP steels and the final 
properties that TWIP steels have [15]. 
 
Generally Manganese (Mn) controls the stacking fault energy (SFE) on the iron based 
alloys, like TWIP steels as it will be discussed in the oncoming section, and also it is 
fundamental to preserve the austenitic structure on the ternary system of Fe-Mn-Al [16, 
17, 18]  
 
Presence of Aluminum in high Mn TWIP steels stabilize the austenite against phase 
transformation which can occurs in the Fe-Mn alloys during deformation, because Al 
can enhance the SFE enormously. Furthermore, it strengthens the austenite by solid-
solution hardening as where observed elsewhere [19, 20]. Furthermore, this allowing 
element improved the mechanical properties resulting with a lower sensitivity to 
delayed fracture. It is important to highlight that this allowing element also decreases 
the strain hardening value in TWIP steels with slightly lower tensile strengths. 
Furthermore, it also suppresses the phase transformation (𝛾 → 𝜀). 
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Furthermore, Huang and co-workers [21] found that the Nitrogen content also reduces 
the stacking fault formation. They have also studied the effect of 0.011-0.052% 
nitrogen on the SFE of Fe-20.24-22.57%Mn-2-3%Si-0.69-2.46%Al containing 100ppm 
carbon, by means of X ray diffraction. Although they do not report SFE values, their 
results indicate that both Al and N are favorable for the formation of twins as they 
increase the SFE and decrease the stacking fault formation probability. Similarly 
Dumay et al. [22] calculate that Al increases the SFE by about +5 mJ/m2 per added 
wt.% of Al, whereas Si is also found to increase the SFE by about +1 mJ/m2 per wt.% 
of Si. Their results are not confirmed by the experimental measurements of Tian et al. 
[23] who measured the SFE measured for Fe-25%Mn-0.7%C-Al steel with 1.16% to 
9.77% of Al. They report a much smaller effect of Al on the increase of the SFE, about 
+1.4 mJ/m2 per added wt.% of Al [24]. 
 
Several authors report that stable, fully austenitic microstructures [25] with TWIP 
properties have a SFE in the range of 20mJ/m2 to 30mJ/m2. Carbon additions are 
required to obtain a low SFE, but the addition of carbon is limited by the formation of 
M3C carbide [24]. Some data on the effect of the carbon content in Fe-22%Mn-C alloys 
has been reported by Yakubtsov et al. [26] where they found a SFE value of around 
30mJ/m2. This results pointed out that low carbon additions (less than 1 wt.%) reduces 
the SFE to approximately 22 mJ/m2. However, at higher carbon contents (more than  
1 wt.%) the SFE increases [24]. 
 
 
1.4. Stacking fault energy (SFE) 
 
Stacking fault energy (SFE) is a materials property on a very small scale. It is noted as 
γSFE in units of energy per area. SFE is a primary factor in determining the wear 
resistance of a metal and, primarily, its resistance to galling. A stacking fault is a one 
or two layer interruption in the stacking sequence of the crystal structure. In Figure 
1.7, the perfect FCC stacking ...ABCABCABC... is disturbed by the removal of a lattice 
plane C. An intrinsic stacking-fault is created with the new stacking ...ABCAB|ABCA... 
The energy needed to create such a defect is the SFE. These interruptions carry a 
certain stacking-fault energy. The width of stacking fault is a consequence of the 
balance between the repulsive force between two partial dislocations on one hand and 
the attractive force due to the surface tension of the stacking fault on the other hand. 
The equilibrium width is determined by the stacking-fault energy. When the SFE is high 
(higher than 50 mJ/m2), the dissociation of a perfect dislocation into two partial is 
unlikely and the material deforms only by dislocation glide. Lower SFE (lower than 20 
mJ/m2) materials display wider stacking faults and have more difficulties for cross-slip 
and climb. The SFE modifies the ability of a dislocation in a crystal to glide onto an 
intersecting slip plane. When the SFE is low, the mobility of dislocations in a material 
decreases [27].  
 
Low SFE materials twin and create partial dislocations. Partials form instead of screw 
dislocations [28]. Furthermore, in this case materials also can be deformed by twinning 
effect when they are strained. If deformation twinning is combined with regular shear 
deformation, the grains eventually align towards a more preferred orientation. When 
many different grains align a highly anisotropic texture is created [27, 29].  
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Figure 1.7 Stacking fault scheme [30]  
 
 
A very low SFE results in the strain-induced transformation to either α’ or ε martensite. 
At low stacking fault energy of (Γfcc<16 mJ/mol and for ΔGγ→ε>0, martensitic phase 
transformation will be the governing deformation mechanism. As the SFE is an 
essential parameter, there has been a considerable interest in determining its value for 
TWIP steels. There is still considerable uncertainty about the exact value of the SFE 
in Mn alloys, and whereas the theoretical evaluations agree on the range there is still 
considerable scatter in the reported SFE values [24, 31]. At the critical value of γfcc25 
mJ/mol and for ΔGγ→ε>0, the twinning mechanism is favored as it has been depicted 
in Figure 1.8 [31]. 
 
 
 
 
Figure 1.8 TEM image of High Mn TWIP steel showing twins and some stacking fault [31] 
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In Figure 1.9 the different range of stacking fault energy and its relation with operating 
deformation mechanisms are illustrating. 
 
 
 
 
Figure 1.9 SFE relation with the operating deformation mechanism in FCC metals [24] 
 
 
1.5. Properties of TWIP steel 
 
Austenitic steels are used widely in many applications because of their excellent 
strength and ductility combined with good wear and corrosion resistance. High-Mn 
TWIP steels are attractive for automotive applications due to their high energy 
absorption, which is more than twice that of conventional high strength steels [32], and 
high stiffness which can improve the crash safety [33].  
 
TWIP steels combine extremely high strength with extremely high stretch ability. The 
hardening value increases to a value of 0.4 at an approximate engineering strain of 
30% and then remains constant until both uniform and total elongation reach 50%. 
The tensile strength is higher than 1000 MPa [34]. 
 
TWIP steel research currently focuses on the influence of the alloy composition on the 
microstructure evolution during deformation and the resulting mechanical properties. 
In TWIP steel deformation is achieved by dislocation motion and twinning effect, which 
is believed to be due mainly to a dynamic Hall-Petch effect [24]. As the formation of 
mechanical twins involve the creation of new crystal orientations, the twins 
progressively reduce the effective mean free path of dislocations and increase the flow 
stress, resulting in a high strain hardening behavior. The best way to gain insight into 
the deformation behavior of TWIP steels is by Transmission electron microscopy 
(TEM) studies, as the twinning microstructure is very fine. Typical TEM observations 
have illustrated that wide stacking faults are often found to be emitted by grain 
boundaries. At low strains, the dislocation density increases and the grain boundaries 
seem to be particularly effective source of isolated stacking faults (SFs). Therefore, the 
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deformation mechanism of TWIP steel at low strains is considered to be planar slip 
and the formation of wide stacking faults. The onset of twinning requires multiple slip 
within deformed grains. Frequently one twinning system is activated, together with 
dislocation glide. These high aspect ratio twins cross the entire grain. In addition, the 
twins are internally faulted. Although the role of deformation induced twins should not 
be disregard, it must not be forgotten that the rate of dislocation accumulation will 
automatically increase when an alloy has a low SFE, independently of twin formation, 
as the larger dissociation width will more effectively reduce the cross-slip and result in 
a higher rate of dislocation accumulation. It is essential for the occurrence of the strain-
induced twinning that the SFE be within a very specific range to observe mechanical 
twin formation [24]. 
 
High-manganese TWIP steels are a high-strength steel concept with superior 
formability, which may be close to being produced industrially. High-Mn TWIP steels 
are highly ductile, high strength Mn austenitic steels characterized by a high rate of 
work hardening resulting from the generation of deformation-nucleated twins [31] Their 
Mn content is in the range of 15-30 wt.%. Alloying additions of C, Si and/or Al are 
needed to obtain the high strength and the large uniform elongation associated with 
strain-induced twinning. Depending on the alloy system, the carbon content is either 
low, i.e. less than 0.05 wt.%, or high, typically in the range of 0.5-1.0 wt.%. Si and Al 
may be added to achieve a stable fully austenitic microstructure with low stacking fault 
energy in the range of 15- 30mJ/m2. High Mn alloys characterized by strength ductility 
products 40.000- 60.000MPa% have reached the stage of large scale industrial testing 
and the industrial focus is mainly on TWIP steels with the following compositional 
ranges: 15-25 wt.%Mn, with 0-3%Si, 0-3% Al and 200-6000ppm C. The dominant 
deformation mode in TWIP steel is dislocation glide, and the deformation-induced twins 
gradually reduce the effective glide distance of dislocations which results in the 
“Dynamical Hall-Petch effect” [24]. 
 
 
1.6. TWIP steel’s application  
 
Stainless steels and concretely metastable steels present a wide variety of applications 
as we will comment in this section. Modern car design puts an increasing emphasis on 
the notion that a material used in building the body-in-white (BIW) should be selected 
on the basis of how well it helps achieving specific engineering targets such as low 
vehicle weight, high passive safety, stability, stiffness, comfort, acoustics, corrosion, 
and recycling. Steel is at present still the material of choice for car bodies, with 99% of 
the passenger cars having a steel body, and 60- 70% of the car weight consisting of 
steel or steel-based parts. The automotive industry is however continuously making 
excursions in the area of light materials applications. At present, most car makers are 
routinely testing multi-materials concepts, which are not limited to the obvious use of 
light materials for closures, e.g. the use of Al for the front lid or thermosetting resins for 
trunk lids. Carmakers have increasingly built passenger cars with body designs which 
emphasize passenger safety in the event of a collision. The safety issue directly related 
to the BIW materials is passive safety. High impact energy absorption is required for 
frontal crash and rear collision, and anti-intrusion properties are required in situations 
when passenger injury must be avoided, i.e. during a side impact and in case of a roll 
over, with its associated roof crush. This weight spiral is a direct result of improvements 
Introduction  11 
in vehicle safety, increased space, performance, reliability, passenger comfort and 
overall vehicle quality. The use of Dual Phase (DP) and Transformation-Induced 
Plasticity (TRIP) steels has been reported to result in a weight saving in the range of 
10-25%. Similar weight reductions of about 25% are reported for the use of stainless 
steels. The potential for weight reductions become very important when very high 
strength steels are considered [24]. 
 
About 30-40% weight reductions of new generation of metastable stainless steels with 
high Mn content are typically reported for 1300-1500MPa steels. A 36% weight 
reduction can be expected when a body part used as anti-intrusion barrier is made of 
press hardening 22Mn5B steel. Most industry experts agree that, steel based parts 
designs using advanced high strength steels offer both the potential for vehicle mass 
containment and lower production cost. Hence, when material-specific properties are 
considered, there is an increasingly important interest in very high strength materials. 
This has been the driving force behind most of the current automotive steel research 
efforts. This is obvious when one considers the need for the increased strength for 
parts related to passenger safety, such as the B-pillar, an essential element for 
passenger protection in side impact collisions [24].  
 
Properties of high Mn Twinning-Induced Plasticity (TWIP) steels clearly shows that the 
Fe-(15-30) % Mn alloy system with additions of C, Al and/or Si to fully stabilize the FCC 
phase and control the SFE within the narrow range of 15-30 mJ/m2, results in steels 
with very wide range of mechanical properties, making this relatively new class of 
steels of interest for many automotive applications. The physical metallurgy of TWIP 
steels is still relatively limited and the following aspects need to receive an in depth 
analysis: the twinning mechanism, texture evolution, and delayed fracture. The 
determination of the twinned volume fraction remains a challenge and is needed to 
evaluate the different models proposed to explain the mechanical behavior of TWIP 
steels. The distribution of the twinning as it related to the formation of texture 
components must also be given a clear analysis. The mechanism of delayed fracture 
is still not known. In particular the complex interaction of factors related to 
transformation, residual stresses, and the influence of hydrogen has made the issue 
particularly difficult to address. Having said this it is clear that Al-added TWIP steels 
may be considered immune to the problem [24]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12   Thermal treatment effects on high-Mn TWIP steels 
1.7. State of the art 
 
In this section we will summarize the mechanical properties reported on the literature 
for the high Mn-TWIP steels. Concretely, we will focused our attention and summarize 
the tensile and low/high cycle fatigue 
 
 
1.7.1. Tensile  
 
One of the most important aspect in metallurgy is tensile tests. As its importance some 
papers were written about tensile behavior and tensile properties of high Mn-TWIP 
steels in order to observe the evolution of the yield stress, ultimate tensile strength as 
well as the total elongation of this set of materials.  
 
Regarding to the articles and studies, there is a clear relation between tensile behavior 
and stacking fault energy. In ref [35] the high Mn-TWIP steels compositions effect were 
studied, it was realized that the tensile properties of TWIP steels depend essentially 
on the stacking fault energy, which is related to Mn and Al contents and test 
temperature. Both Al alloying and temperature have significant effects on strength and 
elongation. A higher Al raises the yield strength, owing to the solid solution 
strengthening. However, the strain hardening rate, tensile strength and elongation, 
essentially depend on the deformation mechanism, i.e. on SFE, which is related to Mn 
and Al contents and test temperature [36]. At a constant Mn content, Al increases the  
stacking fault energy, and therefore the deformation mode can change from strain-
induced martensitic transformation to deformation twinning and finally to dislocation 
glide. Consequently, strain hardening rate, elongation and tensile strength vary in quite 
a complicated way [35].  
 
In another article [36] two different kinds of TWIP steels with different decomposition  
were studied and compared, in comparison the yield strength of the both high-Mn 
steels is relatively low and only slightly increased by the 3 wt.% Al alloying. The strain 
hardening rate and tensile strength, instead, are much higher for the 25Mn steel than 
for the 25Mn3Al steel at subzero temperatures. This is a result from the lower stacking 
fault energy of this steel, and consequently from enhanced formation of martensite in 
straining at low temperatures [36]. 
 
The tensile behavior of a fine-grained TWIP steel has been analyzed with respect to 
texture and microstructure evolutions in ref [37]. It has proven that with increasing 
deformation the development of the main <1 1 1>//TD fiber which is well suited for 
twinning reinforces the twinning activity. By the way, they discover that mechanical 
twinning does not create additional orientations but increase slightly the density of the 
existing orientations [37]. 
 
 
1.7.2. Fatigue  
 
Niendorf [38] studied fatigue behavior of specific kind of high Mn-TWIP steel. The 
performance of an 1160MPa tensile strength Fe-22%Mn-0.52%C TWIP steel during 
cyclic loading has been reported to be influenced by the pre-straining [38].  
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A significant longer fatigue life was achieved when the TWIP steel is pre- deformed 
due to the generation of mechanical twins. This leads to a stable deformation response 
in cyclic loading and a longer fatigue life. When tested in the as-received state, the 
dislocation density decreases and the existing twins widen, leading to a cyclic softening 
due to a lack of dislocation-twin interaction, and a lack of nucleation of new twins [38]. 
 
In another investigation Hamada studied the high cycle fatigue behavior of Fe-
22.3%Mn-0.6C (SFE: 26 mJ/m2), Fe-17.8%Mn-0.6%C with a 200ppm Nb addition 
(SFE: 23 mJ/m2) and Fe-16.4%Mn-0.29%C-1.54%Al (SFE: 19 mJ/m2) TWIP steels, in 
flexural bending fatigue using a zero mean stress [33]. Thermally treated at different 
temperatures in an argon atmosphere in order to modify the TWIP microstructure and 
solve the oxidation problems of these steels present at ambient temperature. 
                    
They reported that the three steels had the same 2x106 cycles fatigue stress limit of 
400MPa, i.e. well above the yield stress of the steels. The ratio of fatigue limit to tensile 
strength was in the range of 0.42-0.48, i.e. common to austenitic steels. No twins 
neither ε-martensite were formed during the fatigue test, but fatigue cracks nucleated 
at intersections of slip band and grain boundaries and annealing twin boundaries [33]. 
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2. EXPERIMENTAL PROCEDURES 
 
 
2.1. Samples  
 
In this master thesis, the studied material is a high Mn-TWIP steel provided by Posco 
(South Korea) in the form of cold and hot rolled sheets of 1.5 and 2 mm thickness. 
 
The nominal chemical composition determined from an analysis by arc emission 
spectrometry and directly supplied by the company is: 17wt.% Mn and 0.75 wt. % C as 
the basic composition and also 1.9 wt.% Al and 0.1wt.% Ti. 
 
As we commented in the previous section, one of the goal of this master thesis was to 
study how the mechanical properties changes with the microstructure. In order to do 
that, several thermal treatments were done to the high-Mn TWIP steels as well as some 
specimens where thermally fatigued. 
 
 
2.1.1. Thermal treatment 
 
Thermal treatments first of all were in order to modify the pre-existing microstructure, 
three different thermal treatments have done for two different kinds of metal working 
samples (cold and hot rolled). Samples were heated in a furnace at 500°C for 1 hour 
and subsequently cooled in water and two samples per metal working conditions were 
treated at 1000°C for 1 hour, one cooled in water and the other inside of the furnace 
until reaching room temperature. For all the thermal treatments performed along this 
Master thesis, the heating and cooling rate was held constant to 5ºC•min-1. 
Furthermore, one specimen per condition were tested without any thermal treatment 
for comparison purposes. Table 2.1 summarizes the thermal treatment performed per 
each specimen of interest. 
 
 
Table 2.1 Thermal treatments and nomenclature for the tested specimens 
 
Nomenclature Description 
AR As received 
500Q 
Specimen thermally treated at 500°C for 1 hour and then 
quenched in water 
1000Q 
Specimen thermally treated at 1000°C for 1 hour and then 
quenched in water 
1000N 
Specimen thermally treated at 1000°C for 1 hour and 
normalized 
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2.1.2. Thermal fatigue  
 
In this study specimens were put in an elevator furnace in order to change the 
microstructure or mechanical properties. After this thermal treatment microstructure 
and mechanical properties were analyzed again in order to figure out which kind of 
changes have occurred in microstructure and mechanical properties like Vickers 
hardness and tensile test. 
 
First of all the cold and hot rolled samples were cut in small pieces then they were put 
in the elevator furnace to make the thermal fatigue procedure. The samples were kept 
in furnace for 1 hour in 520°C and then the furnace brought the samples out of furnace 
in air for 18 minutes and this process was going on, each time that this heating and 
cooling process were done by furnace counted as one cycle. The samples were taken 
out in different cycles which are summarized in Table 2.2. 
 
 
Table 2.2 Thermal fatigue condition and samples name 
 
Metal 
working 
Number of 
cycles 
Name of each 
sample 
Furnace 
temperature 
Heating 
time 
Annealing 
time 
 
Cold rolled 
 
15 TFC15 
520°C 1 hour 18 minutes 
36 TFC36 
56 TFC56 
75 TFC75 
Hot rolled 
15 TFH15 
520°C 1 hour 18 minutes  
36 TFH36 
56 TFH56 
75 TFH75 
    
 
The elevator furnace which was used for this study was “ENERGON HEC 14” which is 
showing in Figure 2.1 in below. 
 
 
 
 
Figure 2.1 “ENERGON HEC 14” elevator furnace 
16   Thermal treatment effects on high-Mn TWIP steels 
2.1.3. Mounting the samples   
 
After the thermal treatment and prior to the polishing process, in order to control the 
planarity of the surface of interest the different specimens were mounted in Bakelite by 
using a machine called “Struers LaboPress-3”, which is showing in Figure 2.2. The 
mounting conditions are summarized in Table 2.3. 
 
 
Table 2.3 Mounting condition 
 
Force  Heating temperature  Heating time  Cooling time 
25 KN 180 °C 6 minutes  3 minutes 
 
 
Specimens were put in the machine and the machine was supplied by some amount 
of PolyFast. In order to melt the PolyFast, 25 KN force in 180ºC for 6 minutes was 
applied, and then the process was continuing for 3 minutes cooling treatment. When 
the processes completed a cylindrical shape objects were produced for each 
specimens which can be helpful in order to keep the specimens stable for polishing. 
 
 
 
 
Figure 2.2 “Struers LaboPress-3” used to embedded the specimens 
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2.1.4. Polishing process  
 
Microstructures, any change in grains or any phase transformations have a significant 
importance in our study, and all these changes had to checked by very sensitive and 
high resolution microscopes like Scanning Electron Microscopy and in this kind of 
microscopes in order to get proper photos in order to analyzed and having acceptable 
results, having a smooth and glassy surface is absolutely vital, for these reasons the 
specimens were polished carefully. 
 
Subsequently, the specimens were polished using the different steps summarized in 
Table 2.4 in order to obtain a smooth and shiny surface by rubbing it or using a 
chemical action, leaving a surface with a significant specular reflection. During this 
process is necessary to control the planarity of the specimens as well as the force in 
order to avoid any superficial modification during the polishing process (i.e. work 
hardening, etc).  
 
 
Table 2.4 Polishing process steps 
 
Steps Grinding Paper 
Grin 
Size 
Suspension Time 
Force 
(N) 
Speed 
(rpm) 
Rough  
Grinding 
P120 120 μm 
Normal Water 
10  
minutes 
25 
 
150 
 
P240 60 μm 
Fine  
Grinding 
P400 35 μm 
P600 25 μm 
P800 20 μm 
Fine 
finishing 
P1200 15 μm 
P2500 10 μm 
Ultra-Fine   
Finishing 
Diamond grinding 
disc 
6 μm 
Diamond 
paste 6 μm 20 
minutes Diamond grinding 
disc 
3 μm 
Diamond 
paste 3 μm 
Polishing clothes 25 nm Alumina 
25 
minutes 
 
 
After that the samples were polished by P800 grinding papers (the end of fine grinding 
step in upper table), after this level of polishing, in each steps that samples were 
polished with other grinding papers (from P1200 until Polishing clothes), all the 
specimens were carefully washed and cleaned by distilled water and after washing 
process they were directly dried by air in order to avoid the oxidation. 
 
The polishing machine which has been used for our polishing process was “Buehler 
phoenix 4000” which is shown by Figure 2.3 in below 
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Figure 2.4 is showing the steps of sample preparation from left to right. It clearly 
illustrates that how the polishing process effects on the sample’s surface. 
 
 
 
 
Figure 2.3 Polishing machine “Buehler phoenix 4000 “ 
 
 
 
 
 
Figure 2.4 Different polishing steps 
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2.1.5. Tensile and High cycle fatigue tests sample preparation 
 
A test specimen is the most important component of tensile or High Cycle Fatigue 
(HCF) testing for it determines the actual physical properties of the material being 
tested. The specimen must conform to exact physical dimensions and must be free of 
induced cold working or heat distortion. Qualified laboratory personnel and accurately 
calibrated tensile machines are important, but the ultimate test results are based on 
the quality and accuracy of the test specimen [45]. 
 
By upper description about the samples here in below Figures 2.5 and Figure 2.6 are 
showing the scheme of samples and their dimensions are described in Table 2.5 and 
Table 2.6 which were used for tensile and HCF tests in this study.   
 
                                             
Table 2.5 Tensile test sample’s dimensions 
 
         
 
 
 
Figure 2.5 Tensile sample’s scheme 
 
 
As shown in figure 1.5 in below there are some differences between samples for tensile 
and HCF tests which is clear that in HCF test samples there is no sharp edge compare 
with tensile test specimens. 
 
 
Table 2.6 High cycle fatigue test sample’s dimensions 
 
L  W G R 
95 mm 3,84 mm 15 mm 30 mm 
 
 
In both case tensile and high cycle fatigue test samples the thickness of the samples 
were the same and they were 1.5 mm. 
L L1 L2 W G R 
104,5 mm 30 mm 28 mm 6 mm 10 mm 18 mm 
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Figure 2.6 High Cycle Fatigue sample’s scheme 
 
 
In order to follow all the standards and recommendation of High Cycle Fatigue Test, 
all the samples were polished before the HCF test in order to avoid any lack on the 
surface, for instance any hole or oxidation shouldn’t be on specimen’s surface.  
 
All the polishing process were done by hand. In order to have a glassy and smooth 
surface on samples, six polishing steps were done per each sample by different 
grinding paper (P80, P120, P280, P320, P600 and P1200). 
 
 
2.2. Microstructural characterization techniques  
 
Nowadays, there exist numerous advances techniques to analyze the microstructure 
as well as the main deformation and/or fracture events in detail such as: Laser 
scanning confocal microscopy (LSCM), atomic force microscopy (AFM), Field emission 
scanning electron microscopy (FESEM), etc. A coherent combination among them 
provides reliable and accurate information of microstructure and damage features. The 
present work has sought to build on their approaches by the application of the field 
emission scanning electron microscopy, FESEM. 
 
 
2.2.1. Scanning electron microscopy (SEM) 
 
The scanning electron microscope (SEM) uses a focused beam of high-energy 
electrons to generate a variety of signals at the surface of solid specimens. The image 
is formed in a SEM by an electron beam that crossing the sample and scan the sample 
and collect the signals that derive from electron-sample interactions. These 
interactions reveal important microstructural features such as: texture, chemical 
composition, crystalline structure and orientation of materials. SEM is also capable for 
performing analyses of selected point locations on the sample.  This  approach  is  
especially  useful  in  qualitatively  or  semi-quantitatively determining  chemical  
compositions,  crystalline  structure,  and  crystal  orientations . Interaction between 
sample and incident electrons produces different signals. These  signals  include:  
secondary electrons,  backscattered  electrons,  diffracted  backscattered  electrons,  
photons,  visible  light  and  heat. Furthermore, morphology and topography 
characteristics are obtained by secondary electrons [46]. 
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In  standard  electron  microscopes,  electrons  are  mostly  generated  by  “heating”  a  
tungsten  filament (electron gun). They are also produced by a special crystal which 
results in a higher electron density in the beam and a better resolution compared with 
the conventional device. Figure 2.7 exhibits a basic structure of this equipment [47]. 
 
 
 
 
Figure 2.7 Scanning electron microscope’s scheme [47] 
 
 
2.2.2. Field emission scanning electron microscopy (FESEM) 
 
Field emission scanning electron microscopy (FESEM) is a SEM based technique 
which employs a beam of highly energetic electrons to analyze materials on a very fine 
scale. The term “field emission” is adopted due to the emission of electrons from the 
surface of a conductor which is generated by a strong electric field. For this  process,  
the  equipment  requires  an  extreme  vacuum  in  the  column  of  the microscope  
(around  10-6 Pa).  As  it  is  shown  in  Figure 2.8,  FESEM involves  an  electron  
emission cathode  and  anodes.  The acceleration voltage between these electrodes 
is commonly in the range of 0.5 to 30 kV [48]. 
 
An electron  detector perceived  the  secondary  electrons, and  the  image  is  created  
by comparing  the intensity  of  secondary  electrons  to  the  scanning  primary  electron  
beam [49]. FE-SEM provides topographical and elemental information at high 
magnifications. Compared with SEM, FE-SEM produces clearer and less 
electrostatically distorted images [50]. Therefore, this technique is a very useful tool for 
high resolution surface imaging. 
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Owing to the fact that electron beam generated by the field emission source is about 
1000 times smaller than in a standard microscope, the quality of the image is 
significantly improved, e.g. resolution is on the order of ~2 nm at 1 keV and ~1 nm at 
15 keV [50]. 
 
In this Master thesis, this technique has been used to evaluate the microstructure as 
well as the main damage induce under indentation, tensile and high cycle fatigue tests 
for different high Mn TWIP steels thermally treated. In order to investigate the 
microstructure in terms of grain size and shapes more than 20 images have been taken 
from the specimen’s surface to have enough images to count the grain size.  
 
 
 
 
Figure 2.8 Field emission scanning electron microscope scheme [49] 
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2.3. Hardness  
 
Hardness has been defined as “metal’s resistance to plastic deformation”. The term 
hardness may also refer to resistance to bending, scratching, abrasion or cutting. The 
usual method to achieve a hardness value is to measure the depth or area of an 
indentation left by an indenter of a specific shape, with a specific force applied for a 
specific time. There are three principal standard test methods for expressing the 
relationship between hardness and the size of the impression, these being Brinell, 
Rockwell and Vickers [51].  
 
 
2.3.1. Vickers hardness test 
 
The Vickers hardness test method consists of indenting the test material with a 
diamond indenter, in the form of a right pyramid with a square base and an angle of 
136 degrees between opposite faces subjected to a load of 1 to 100 kgf (kilogram-
force). The full load is normally applied for 10 to 15 seconds. The two diagonals of the 
indentation left in the surface of the material after removal of the load are measured 
using a microscope and their average calculated. The area of the sloping surface of 
the indentation is calculated. The Vickers hardness is the quotient obtained by dividing 
the kgf load by the square mm area of indentation [52]. HV is determined by following 
Formulas 2.1 and 2.2 where “F” is the force applied to the diamond in kilograms-force 
and (kgf) “A” is the surface area of the resulting indentation in square millimeters (mm). 
 
 
𝐴 =
𝑑2
2𝑠𝑖𝑛(136° 2⁄ )
≈
𝑑2
1.8544
                               (2.1) 
                                                          
 
𝐻𝑉 =
𝐹
𝐴
=
1.8544 𝐹
𝑑2
                                        (2.2) 
 
 
Vickers Hardness test was used for this current study because of its advantages that 
it has compared with other methods. This test also leaves only tiny indentations that 
are usually not a problem for production items, making it suitable for quality control. 
The other advantage of the Vickers system other than the increased degree of 
accuracy, is that it does not have a number of different scales and indenters, as does 
the Rockwell and Brinnell scales. It also has Constant hardness value for 
homogeneous materials regardless of the size of load applied. It is suitable for testing 
small parts, thin plates, metal foils, electroplated layers, and non-metallic materials 
such as glass. It can be used for extremely soft and hard materials [52] 
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2.3.2. Vickers hardness Micro-scale 
 
Vickers hardness method were used for measuring the hardness of the material in this 
study. All the condition that were followed for these tests are in Table 2.7. 
 
 
Table 2.7 Micro-indentations conditions 
 
Force  Time  Number of imprints  Indenter  
1 kgf  15 seconds 15 Pyramid shape 
 
 
The test were done by “Akashi MVK-HD’’. To measure the hardness, the diagonals of 
each indentation were measured by a microspore which were embedded on this kind 
of hardness testing machine, then the data were set down in an excel file which were 
introduced for calculating Vickers hardness by the indentation’s diagonal’s dimensions. 
 
 
 
 
Figure 2.9 “Akashi MVK-HD” hardness testing machine (Micro scale) 
 
 
2.3.3. Vickers hardness Macro-scale 
 
Since the shape of the Vickers indentation is geometrically similar at all test loads, the 
HV value is constant, within statistical precision, over a very wide test load range as 
long as the test specimen is reasonably homogeneous. Numerous studies of micro-
indentation hardness test results conducted over a wide range of test loads have 
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shown that test results are not constant at very loads. This problem, called the 
“indentation size effect”, or ISE, has been attributed to fundamental characteristics of 
the material. However, the same effect is observed at the low load test range (1 to 10 
kgf ) of bulk Vickers testers and an ASTM inter laboratory “round robin” of indents made 
by one laboratory but measured by twelve different people, reported all three possible 
ISE responses for the same indents [52]. 
 
Regarding the previous paragraph and ISE issue Vickers Hardness test was used in 
macro scale in this study as well, the test was done by a testing machine which called 
“FRANK 532” that is shown below in Figure 2.10. The condition of the test are written 
in Table 2.8. 
 
 
 
 
Figure 2.10 “FRANK 532” hardness testing machine (Macro scale) 
 
 
Table 2.8 Macro-indentations conditions 
 
Force  Time  Number of imprints Indenter  
10 kgf  15 seconds 3 Pyramid shape 
 
 
The indentations were introduced when the load was removed, in order to measure 
the two impression diagonals some photos were taken by a confocal microscope then 
the photos were analyzed by Photoshop software and the diagonals length were 
defined. Macro hardness measurement is following the same rule as micro hardness. 
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2.4. Tensile test  
 
The tensile test involves applying an ever-increasing load to a test sample up to the 
point of failure. The process creates a stress/strain curve showing how the material 
reacts throughout the tensile test. The data generated during tensile testing is used to 
determine mechanical properties of materials and provides a quantitative 
measurement of tensile strength, yield strength and ductility or stiffness [53]. 
 
During the test process, the elongation of the gauge section is recorded against the 
applied force. The data is manipulated so that it is not specific to the geometry of the 
test sample. The elongation measurement is used to calculate the engineering 
strain (ε), and also the force measurement is used to calculate the engineering stress 
(σ), using the following equations are used to calculate the engineering strain and 
engineering stress [53]: 
 
𝜀 =
∆𝐿
𝐿0
=
𝐿−𝐿0
𝐿0
     (2.3) 
 
𝜎 =
𝐹
𝑁
      (2.4) 
 
 
In upper formulas ΔL is the change in gauge length, L0 is the initial gauge length, 
and L is the final length. And also F is the tensile force and A is the nominal cross-
section of the specimen.  
 
All the tensile tests in this study were done with a tensile test machine which called 
“INSTRON 8500”. The picture in below is showing a specimens which was mounted in 
the tensile test machine with a sensor that records all the displacement in samples. 
 
 
 
 
Figure 2.11 “INSTRON 8500” tensile test machine 
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As shown in Figure 2.11 when the sample was carefully mounted between the test 
machine’s jaws, an electronic sensor was connected to the sample which was 
recording all the data related to strain during the test, since the sensor was connected 
directly to a computer it was giving one part data which were using for plotting the 
stress strain curve. Stress-strain curve was plotting simultaneously during the tensile 
test and it was helpful to notice the moment that the samples was going throw the 
elastic or plastic region. 
 
After that all the data and information were extracted from the computer which all the 
equipment connected to that computer. The data were ordered and treated in order to 
make them useable and beneficial for analyzing. 
 
Since all the broken specimens (which were broken during tensile tests) should 
brought to FESEM session in order to take photos from their broken surfaces, both 
sides of broken samples were packed separately in different package in order to avoid 
missing the samples orders.  
 
 
2.5. Fatigue  
 
In order to establish the initial fatigue testing conditions, mainly the maximum applied 
load,  it  was  strictly  necessary  to  know  the  monotonic  properties  of  this TWIP17Mn 
steels  under  different  annealing  conditions,  which were achieved from tensile test.  
Therefore, fatigue specimens with the load axis parallel the rolling directions were cut 
from the sheets by laser, following the ASTM E 466-96 standard [54].  
 
Prior  to  test  the  fatigue  specimens,  the  surfaces  of  the  specimen  laser  machined  
were ground  in  successive  stages  by  SiC  papers  from  240  to  1500  grit  to obtain  
smooth surfaces and polished mechanically using the diamond suspension with size 
of 3 µm to get mirror finishing.  
 
Fatigue  tests  were  conducted  under  load  control  in  a  resonant  testing  machine 
(model MIK-ROTRON,  RUMUL) which is showing in Figure 2.12.  A sinusoidal wave 
with a frequency around 150 Hz was used and a load ratio was 0.1 (R = σmin/σmax). The 
initial maximum stress was 50% of the ultimate tensile strength of the corresponding 
steel condition and afterwards, if the specimen was able to reach 106 cycles without 
fail, σmax is increased 10%, and this trend was continued until fracture, following the 
staircase or up-and-down method [55] using three specimens per condition. The 
fatigue limit was defined as the stress amplitude at which the specimen can endure 
106 cycles.   
 
The number of cycles that a specimen took to break was noted in an Excel file which 
had all the information about the samples. The data were carefully ordered to make 
them operational and beneficial for analyzing. 
 
Since all the tested specimens (which were broken or had a crack) should brought to 
FESEM session in order to take photos from their surfaces, first the area where the 
cracks propagated or the place that the sample broke from that area, were cut by 
cutting machine in order to make it smaller to put in the FESEM microscopy. Then all 
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the samples were packed separately in different package in order to avoid missing the 
samples orders.  
 
 
 
 
Figure 2.12 “RUMUL 654/73” High Cycle Fatigue test machine 
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3. RESULTS AND DISCUSSION 
 
 
3.1. Microstructure 
 
As we presented previously, one of the goals of this Master thesis is to study the 
microstructure evolution against thermal treatment for the cold and hot rolled 
specimens. In order to reach this purpose, several thermal treatments were applied on 
high Mn-TWIP steel specimens (for more details see Section 2.1.1.). FESEM 
microstructures images of the annealed high Mn-TWIP for cold rolled and hot rolled 
specimens are presenting in Figures 3.1 and 3.2 for the cold rolled and hot rolled 
samples respectively.    
 
The microstructure is completely austenitic for the AR, 500Q for both cold and hot 
rolled samples, also the microstructure for the 1000N sample of the cold rolled is 
completely austenitic, as depicted for in Figures 3.1 a, 3.1 b and 3.1 c for cold rolled 
and in Figures 3.2 a and 3.2 b for hot rolled samples. Furthermore some annealing 
twins can be distinguished in the final microstructure for the specimens thermally 
treated at 500°C. As it can be appreciated in the FESEM images, a bimodal distribution 
(fine and coarse grain) for these set of specimens can be clearly appreciated. However, 
the for the cold rolled and hot rolled specimens annealed at 1000°C for 1 hour and 
after that directly quenched in water present martensitic plates as it can be appreciated 
in Figure 3.1 d and 3.2 d also the hot rolled sample which were annealed at 1000°C 
and normalized by air presents phase transformation from austenitic to martensitic as 
can be appreciated in Figure 3.2 c. In these cases, martensite has been thermally 
induced. It should highlight that during cooling process, binary austenitic Fe-Mn steels 
transform partially to ɛhcp and α’bcc martensite within a restricted composition range as 
reported elsewhere [56, 57].  
 
The grain size distribution determined by the linear-intercept method for the austenitic 
specimens. The circular grain size for 1000N cold rolled and 1000Q in both cold and 
hot rolled have not determined due to their difficulties to clearly distinguish the grain 
boundary because of the martensitic phase transformation. The main microstructural 
parameters for each sample investigated in this study are summarized table 3.1 
 
 
Table 3.1 Microstructural information achieved by FESEM and linear-intercept method 
 
Metal working Thermal treatment Phase Grain size (μm) 
 
Cold rolled 
AR γ 4.6 ± 2 
500Q γ 4.0 ± 2 
1000N γ 12.3 ± 7.7 
1000Q α' Not determined  
 
Hot rolled 
AR γ 5.4 ± 3.5 
500Q γ 6.0 ± 3.8 
1000N α' Not determined 
1000Q α' Not determined 
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Figure 3.1 FESEM micrograph for the high-Mn TWIP steels for cold rolled. (a) AR, (b) 500Q, 
(c) 1000N, (d) 1000Q 
 
 
 
 
Figure 3.2 FESEM micrograph for the high-Mn TWIP steels for hot rolled. (a) AR, (b) 500Q, 
(c) 1000N, (d) 1000Q 
(b) (a) 
(c) (d) 
(a) 
(c) 
(b) 
(d) 
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However, coarse grain distribution can be observed for the high Mn-TWIP specimen 
annealed at 1000°C for one hour, yielding a mean grain size of 12.3 ± 7.7 μm (see 
Table 3.1). The huge scattering can be attributed ro the presence of bimodal grain size 
distribution (7.2 ± 1.3 and 15.4 ± 3.9 μm for the fine and coarse grain, respectively) for 
this specimen as it clearly shows in Figure 3.3. Furthermore, some annealing twins 
can be observed in the same figure (see the white arrow in this figure). 
 
Using the chemical composition summarized in previous chapter (in Section 2.1), the 
stacking fault energy (SFE) of this steel is equal to 19.6 mJ·m-2. Compared to the SFE 
value for the high Mn-TWIP steel, the studied steel displayed a higher SFE value, as 
a consequence suppresses martensitic phase transformation and enhances 
deformation twining under deformation. 
 
 
 
 
Figure 3.3 Annealing twins 
 
 
The grain size distribution determined by the linear-intercept method and summarized 
in Table 3.1 for the cold rolled and hot rolled are depicted in Figure 3.4 and 3.5. As 
explained before since the circular grain size for the 1000Q in both cold and hot rolled 
and also for 1000N for the hot rolled has not been determined, these have not depicted 
in Figures 3.4 and 3.5. 
 
For the cold rolled samples presented in Figure 3.4 shows that for the specimen 
annealed at 500ºC the growth stage is very limited, yielding the same grain size as for 
the as receive specimen as it can be appreciated in this figure. This results points out 
that this temperature is not thermodynamically favorable to growth the austenitic grain 
size. The specimens thermally treated at 500°C for the cold and hot rolled samples 
present the same trend. 
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However for the cold rolled specimens labeled 1000N, the grain size is around four 
times larger than AR specimen. It is necessary to highlight that the scattering 
associated to this measurement is huge. This scatter can be attributed to the presence 
of a bimodal distribution of austenitic grains. 
 
 
 
 
Figure 3.4 Grain size distribution for cold rolled specimens 
 
 
 
 
Figure 3.5 Grain size distribution for hot rolled specimens 
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In order to sum up the annealing effect into the hot and cold rolled specimens, the grain 
size data extracted from the linear-intercept method are summarized in Figure 3.6 and 
3.7. As it depicted in Figure 3.6 the grain size’s changing trend is clearly showed that 
there is a huge rise in the grain size by increasing the temperature to 1000°C. 
 
On the other hand Figure 3.7 is illustrating the growth trend of grain size for cold and-
hot rolled specimens in terms of annealing process. This graph separates the 
specimens regarding to their thermal treatment. As it shows in this graph, the specimen 
annealed at 500°C shows a slight growth of the grain size. However, the scattering 
associated to this data points out a possible bimodal distribution. 
 
 
 
 
Figure 3.6 Grain size distribution in terms of metal working 
 
 
 
 
Figure 3.7 Grain size distribution in terms of thermal treatments 
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3.1.1. Thermal fatigue samples 
 
As depicted in the oncoming FESEM micrographs (Figures 3.8 and 3.9) which are 
showing the microstructure of specimens that were thermally fatigued at 500°C for 
different amount of cycles (from 0 up to 75 cycles). After thermal fatigue process high 
Mn-TWIP steels present a heterogeneous microstructure of pearlitic and austenitic 
phases. The pearlitic phase presents a bimodal distribution: fine and coarse pearlitic 
layer. The fine pearlite is harder and stronger than coarse pearlite as predicted 
elsewhere [58]. It is well known that the pearlitic microstructure for some steels and 
cast irons [58, 59] presents a layered microstructure composed of alternating layers of 
-ferrite and cementite. 
 
Figures 3.8 a, 3.8 b, 3.8 c and 3.8 d show the microstructure of cold rolled 
samples which were thermally fatigued by 15, 36, 56, 75 cycles respectively and 
Figures 3.9 a, 3.9 b, 3.9 c and 3.9 d illustrate the microstructure of the hot rolled 
samples that extracted from the furnace in 15, 36, 56 and 75 cycles respectively. 
 
 
 
 
Figure 3.8 FESEM micrograph for the high-Mn TWIP steels for cold rolled thermally fatigued. 
(a) TFC15, (b) TFC36, (c) TFC56, (d) TFC75 
 
 
(a) 
(d) (c) 
(b) 
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Figure 3.9 FESEM micrograph for the high-Mn TWIP steels for hot rolled thermally fatigued. 
(a) TFH15, (b) TFH36, (c) TFH56, (d) TFH75 
 
 
The preliminary characterization of the annealed specimen at 500ºC and no thermally 
fatigued microstructure using FESEM, as shown in Figures 3.1 b and 3.2 b, which 
revealed polygon and equiaxed grains with an average grain size of 4.0 ± 2 m and 
6.0 ± 3.8 for cold and hot rolled respectively. Meanwhile, some equiaxed grains 
contained annealing twins. For the specimen thermally fatigued during 15 cycles (see 
Figures 3.8 a and 3.9 a) present some islands (around 7%) of pearlite phase. The 
huge scatters associated with these measurement give us information about the 
heterogeneous nucleation and growing process of the pearlitic phase. However, the 
electron microscopy images for the thermally fatigued specimens with a higher number 
of cycles showed pearlite colonies as it is depicted in figures previously presented 
which are related to 36, 56 and 75 cycles for the cold and hot rolled, reaching a 
maximum pearlitic content of around 24% after 36 thermally fatigued cycles.  
 
Some micro-cracked regions (see black arrow in Figures 3.8 d and 3.9 d) present 
some poor regions of Mn as it shows the EDX map presented in Figure 3.10  can be 
observed along the pearlitic colonies heterogeneously distributed along the high Mn-
TWIP steels. These regions are thought to be the nucleation of the pearlitic colonies; 
however, further studies have to be done in order to better understand the nucleation 
of this phase. 
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Figure 3.10 EDX map for Mn element 
 
 
A clear FESEM image was taken in this study from hot rolled sample which were 
extract from the furnace after 75 cycles. This photo is showing that the perlitic phase 
colonies are strongly anisotropic in terms of microstructure as it depicted in Figure 
3.11. In other words, for each preexisting austenitic grains, the pearlitic phase depends 
on the crystallographic orientation. As can be seen in Figure 3.11 the layered sheets 
vary from one grain to another. 
 
 
 
 
Figure 3.11 FESEM image of pearlitic structure for TFH75 sample 
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3.2. Vickers Hardness   
 
An abnormal trend can be appreciated for Vickers hardness of cold and hot rolled 
specimens in Figures 3.12 and 3.13 respectively, where the Vickers hardness 
decreases with the increase the annealing temperature. This trend can be appreciated 
for both cases investigated. As can be seen in both figures the annealed specimens at 
500ºC present roughly the same hardness magnitude than the AR specimens, which 
implies that no appreciable changes in the microstructure can be appreciated for this 
annealing temperature. The Vickers hardness for the cold rolled samples were: 250 ± 
1 HV and 240 ± 3 HV for the AR and 500Q, respectively. These results are in correct 
agreement with those reported by Hua et al. [60]. 
 
As it can be appreciated in this figures, for the cold rolled samples a reduction of around 
20% and 30% compared with the AR Vickers hardness can be obtained for the 1000Q 
and 1000N specimens respectively, while these reductions are around 10% and 20% 
for the 1000Q and 1000N respectively compared with the AR hot rolled. These drops 
in hardness can be related to microstructural changes; for instance for cold rolled 
samples, the 1000Q specimen with a martensitic structure is harder than the 
specimens annealed at the same temperature but with a bimodal austenitic 
microstructure. 
 
 
 
 
Figure 3.12 Vickers’s hardness for the cold rolled high Mn-TWIP steels 
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Figure 3.13 Vickers’s hardness for the hot rolled high Mn-TWIP steels 
 
 
In Table 3.2 the Vickers hardness values at micrometric length scale for cold and hot 
rolled samples are summarized. 
 
 
Table 3.2 Vickers hardness value (HV1) for cold and hot rolled samples 
 
Property  Metal working AR 500Q 1000Q 1000N 
HV1 
Cold rolled 250 ± 1 240 ± 3 201 ± 3 173 ± 3 
Hot rolled 232 ± 3 227 ± 6 211 ± 7 186 ± 8 
 
Attempting to get more detailed view of how the microstructure behaves in terms of 
grain size as well as crystallographic structure, FESEM observations were conducted 
for the different specimens. As it is indicated in Figures 3.14 and 3.15 for for the cold 
rolled and hot rolled respectively, they focused in a micro-hardness residual imprints 
containing several deformation mechanisms, mainly mechanical twinning induce by 
the stress field generated under indentation applied at 1 kgf.  
 
The upper part of the FESEM images (see Figure 3.14 and 3.15), exhibits a general 
view of the residual Vickers imprints performed at 1kgf, while in the bottom part of this 
image, represents a specific magnification from the white dash square represented in 
the upper part of this figure. These images, clearly shown that the main deformation 
mechanisms activated under uniaxial compression tests done at 1kgf is the mechanical 
twining. 
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Figure 3.14 FESEM micrograph of the residual imprints performed at 1 kgf. Cold rolled (a) AR, 
(b) 500Q, (c) 1000N and (d) 1000Q. 
 
 
 
 
Figure 3.15 FESEM micrograph of the residual imprints performed at 1 kgf. Hot rolled (a) AR, 
(b) 500Q, (c) 1000N and (d) 1000Q. 
 
 
As it can be appreciated around the imprints and have commented previously the 
mechanical twin is the main deformation mechanisms appreciated for high Mn-TWIP 
steels due to the SFE for the material of interest is around 19.6 mJ.m-2. 
 
In order to have an overview and summary of the upper photos and also to compare 
the whole the samples for a single metal working, Figure 3.34 and 3.35 are depicting 
the AR, 500Q, 1000N and 1000Q samples together in separate figures for cold rolled 
and hot rolled samples. 
 
As can be seen in Figure 3.14 and 3.15 high density of mechanical twins are activated 
around for the specimens annealed at 1000°C (quench and normalized) compared and 
500Q specimens. This effect may be associated to chemical composition change 
during the annealing treatment. Thus it could modify the SFE for this high Mn-TWIP 
steel, being easier the activation of mechanical twins. 
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Vickers hardness in macro scale has done in this studies as well at a maximum load 
of 10 kgf. In Table 3.3 the values for both cold and hot rolled samples in macro scale 
are summarized. 
 
 
Table 3.3 Vickers hardness value (HV10) for cold and hot rolled samples 
 
Property  Metal working AR 500Q 1000Q 1000N 
HV10 
Cold rolled 239 ± 1 200 ± 3 185 ± 2 174 ± 7 
Hot rolled 242 ± 2 238 ± 8 197 ± 7 181 ± 7 
 
 
As illustrated in Figures 3.16 and 3.17 descending trend of Vickers hardness values 
occurred for the macro scale. The difference between the samples which annealed at 
1000 °C (quenched and normalized) are obvious as same as micro scale, which are 
related to the microstructural changes that have discussed in the previous section (see 
Figures 3.1 and 3.2) 
 
 
 
 
Figure 3.16 Vickers’s hardness for the cold rolled high Mn-TWIP steels 
 
Results and discussion   41 
  
 
Figure 3.17 Vickers’s hardness for the cold rolled high Mn-TWIP steels 
 
 
3.2.1. Thermal fatigue samples 
 
Vickers hardness test were done for the thermal fatigue samples in both macro and 
micrometric length scale. Figures 3.18 and 3.19 is showing the Vickers hardness 
values for cold and hot rolled respectively at macro-metric length scale. These images 
(Figures 3.20 and 3.21) follows the same trend as presented at micrometric length 
scale. However an abnormal trend can be appreciated for Vickers hardness at macro 
and micrometric length scale for cold and hot rolled specimens as depicted below.   
 
 
 
 
Figure 3.18 Vickers’s hardness in macro scale for thermal fatigue sample of the cold rolled 
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Figure 3.19 Vickers’s hardness in macro scale for thermal fatigue sample of the hot rolled 
 
 
 
 
 
 
Figure 3.20 Vickers’s hardness in micro scale for thermal fatigue sample of the cold rolled 
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Figure 3.21 Vickers’s hardness in micro scale for thermal fatigue sample of the hot rolled 
 
 
As it can be seen in upper figures, the Vickers hardness increase with the increase of 
number of cycles for the cold and hot rolled samples. As illustrated in both macro and 
micrometric length scale specimens thermally fatigued during 15 cycles presents lower 
amount of hardness value. 
 
The combined study of the Vickers’s hardness along the specimen as and the 
microstructural analysis to extract the pearlitic concentrations for hot rolled samples in 
micrometric length scale as a representative of all samples (since the trends are almost 
same graph) is depicted in Figure 3.22. Vickers´s hardness increase from the bulk 
value to a saturation value (H0) for pearlitic phase fraction higher than 20%, reaching 
a threshold equals to around 295 HV for a pearlitic phase ranged between 15-24%, 
and has to be related to the interaction mechanisms of Mn in the specimen as depicted 
the EDX map and reported in Figure 3.10. Then, this increasing in Vickers´s hardness 
for pearlitic content higher than 15% can be attributed to the strong dependence on 
the boundary area between the two phases present inside the pearlitic phase. Also, 
the distance between ferrite and cementite layers plays an interesting role in their 
mechanical properties mainly because of two different reasons: first, these boundaries 
impede the motion of dislocations, and second reason is that, the cementite phase 
restricts the deformation of the ferrite phase in regions adjacent to the phase boundary. 
These reasons are the main responsible to produce an increasing in Vickers´s 
hardness when the high Mn-TWIP steel presents a composite microstructure, mainly 
austenitic (~ 76%) and partially pearlitic (~ 24%) for specimens thermally fatigued 
during 75 cycles.  
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Figure 3.22 Hardness vs. pearlitic concentration for the hot rolled samples in micro scale 
  
 
Furthermore, the hardness obtained and reported in Figure 3.42 for the austenitic 
specimen annealed at 500ºC reported before. Finally, the experimental values 
presented in this graph exhibits that the global trend between Vickers´s hardness and 
pearlitic contents follows a monomolecular growth function, which is illustrated as 
equation blolw.  
 
 
𝐻𝑉1(𝑉𝑝𝑒𝑟𝑙𝑖𝑡𝑖𝑐) = 𝐻𝑉10(1 − 𝐴𝑒
−𝑘𝑉𝑝𝑒𝑟𝑙𝑖𝑡𝑖𝑐)              (3.1) 
 
 
In upper equation the fitting parameters are equal to 298.9 ± 3.0 HV1, 64.2 ± 6.1 and 
0.144 ± 5.51·10-3 for the HV10, A and k, respectively.  
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3.3. Tensile tests 
 
The dependence of the yield stress, tensile strength and total elongation of the high 
Mn-TWIP steels as a function of microstructure are shown in Figures 3.23 and 3.25 
for cold and hot rolled respectively. 
 
As it can be appreciated in Figure 3.24 and 3.26 for the AR and 500Q specimens 
corresponding to the region enclose with the black dash square present in Figure 3.23 
and 3.25, several micro-serrations on the tensile stress-strain curves can be detected. 
This effect has been previously observed and reported elsewhere [61,62,63],  which  
is  known  to  form  by  the  dynamic  strain  aging  (DSA)  in the TWIP steels. This 
phenomenon cannot be explained by long range diffusion of carbon. Instead it results 
from the presence of point defect complexes which can reorient themselves in the 
stress field of dislocations or in the stacking faults.  Furthermore, these serrations occur 
as a result of the generation and propagation of a Portevin LeChatelier (PLC) band, 
one by one as several authors reported elsewhere [64, 65, 66]. The origin of PLC effect 
is dynamic strain ageing associated with the interaction between mobile dislocations 
temporally arrested at localized obstacles and solute atoms. Then, this effect is related 
to pinning and unpinning of dislocations interstitial atoms such as C and N in austenite 
as reported De Almeida et al [67]. 
 
 
 
 
Figure 3.23 True stress against true strain curve for the cold rolled 
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Figure 3.24 Magnification of the stress-strain curve for the cold rolled, AR and 500Q 
specimens showing the micro-serration effect 
 
 
 
 
Figure 3.25 True stress against true strain curve for the hot rolled 
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Figure 3.26 Magnification of the stress-strain curve for the hot rolled, AR and 500Q 
specimens showing the micro-serration effect 
 
 
For the cold rolled samples, it can be seen that the yield strength, ultimate tensile 
strength and total elongation are strongly microstructural dependent, as it can be 
depicted in Figure 3.23 and summarized in Table 3.4. The total elongation achieves ≈ 
68% for the 500Q specimen and rises to a maximum value of about 85% for the 1000N 
sample. Some authors [68] reported that the increasing elongation in tensile tests is 
attributed to strain-induced twinning for the high Mn-TWIP steel. As it is possible to 
appreciate in Table 3.4, the yield strength, ultimate tensile strength and total elongation 
are strongly dependent of the final microstructure of the specimen of interest. Then, 
the grain size dependence of the tensile deformation behavior in high Mn-TWIP steel 
can be described as the Hall-Petch relationship. However, for this set of specimens 
this is not a clear phenomenon as for the AR specimen that govern the fracture under 
tensile conditions. Then, it will be necessary to observe the fracture surface by FESEM 
in order to shield some light and understand the mechanical behavior of high Mn-TWIP 
steels under tensile conditions. 
 
As it can be observed in Figure 3.23 as well as in Table 3.4, the yield strength for the 
1000Q and 1000N specimens for cold rolled, were as low as ≈ 162 MPa, probably 
owing to the martensitic phase and to the large size of the grains, respectively. 
However, the yield strength rapidly increased to 472 and 516 MPa in 500Q and AR 
specimens, respectively, because of the different austenite grain sizes of 4.0 ± 2.0 and 
4.6 ± 2.0 mm, respectively. 
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On the other hand for the hot rolled samples as it illustrated in Figure 3.45 and also 
summarized in Table 3.4. As it illustrated in Figure 3.45 and Table 3.4 there is big gap 
of the yield and tensile strength between the specimens which were annealed in 
1000°C and the rest of specimens (AR and 500°C) which can be related to the micro 
structure that is absolutely martensitic phase.  
 
The lowest amount of yield strength was for 1000Q sample which was 283 MPa. The 
yield strength value increased slightly in 1000N by 44 MPa and reached to 327 MPa, 
after that yield strength increased dramatically for 500Q which was 620 MPa and this 
trend ended by the maximum value of 700 MPa which was for AR sample. The total 
elongation has an oscillatory trend which has a slight difference in total elongation 
values between all samples. For the maximum tensile strength and total elongation, 
AR sample has the highest rate of elongation by 94%, on the other hand the maximum 
tensile strength was for 500Q sample which is 1258 MPa.    
 
 
Table 3.4 Tensile properties of cold and hot rolled with different grain sizes and phases 
 
Metal 
working 
Specimen Grain sieze 
 (µm) 
phase YS 
(MPa) 
UTS 
(MPa) 
TEL 
(%) 
Cold 
rolled 
AR 4.6 ± 2.0 ᵞ 516 1023 ± 2 70 
500Q 4.0 ± 2.0 ᵞ 472 942 ± 73 68 
1000N 12.3 ± 7.7   ᵞ 161 548 ± 19 85 
1000Q Not determined α’ 162 563 ± 17 81 
 
Hot 
rolled 
AR 5.4 ± 3.5   ᵞ 700 1249 ± 4 94 
500Q 6.0 ± 3.8   ᵞ  620 1258 ± 8 92 
1000N Not determined α’ 327 819 ± 7 91 
1000Q Not determined α’ 283 803 ± 11 90 
 
 
In comparison hot rolled samples are more ductile than cold rolled samples. In terms 
of tensile strength and yield strength the hot rolled showed higher amount of tensile 
and yield strength compared with the cold rolled samples with the same thermal 
treatments. 
 
Attempting to get more detailed view of how the samples broke and achieve more 
information about the tensile behavior of the samples, FESEM observations were 
conducted for the different specimens. As it is indicated in Figures 3.27, 3.28, 3.29 
and 3.30 for AR, 500Q, 1000N and 1000Q specimens respectively for the cold rolled, 
and also Figures 3.31, 3.32, 3.33 and 3.34 are showing the fracture surface of AR, 
500Q, 1000N and 1000Q specimens respectively for the hot rolled samples. 
 
As it can be seen in fractographs, the first left photos in each figure show the general 
view of the broken surface and by moving to the right hand the magnification of the 
photos increase in order to have a better look to analysis the samples. 
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Figure 3.27 FESEM fractographs of AR sample for the cold rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.28 FESEM fractographs of 500Q sample for the cold rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.29 FESEM fractographs of 1000N sample for the cold rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.30 FESEM fractographs of 1000Q sample for the cold rolled high Mn-TWIP steels 
 
TiN 
TiN 
TiN 
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Figure 3.31 FESEM fractographs of AR sample for the hot rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.32 FESEM fractographs of 500Q sample for the hot rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.33 FESEM fractographs of 1000N sample for the hot rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.34 FESEM fractographs of 1000Q sample for the hot rolled high Mn-TWIP steels 
 
TiN 
TiN 
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In both case for the hot and cold rolled high Mn-TWIP steels the exact mechanism for 
delayed fracture has not yet been identified, but Kim et al. [69] have suggested that it 
is related to martensitic transformation in the presence of residual stresses and 
possibly hydrogen. However, this fracture mechanism has not been observed in the 
fracture surfaces for the specimens of study. After FESEM observations, it is possible 
to conclude that the high density of voids with TiN inclusion inside  of them are the 
main responsible to introduce huge scattering to mechanical properties directly 
determined from the stress-strain curve and summarized in Tablea3.4. 
 
Noteworthy that the initial microstructure of the specimens (austenite and/or 
martensitic) as well as intrinsic defects of the high Mn-TWIP sheets (voids and TiN 
particles) are the main responsible to produce a considerable reduction of the yield 
strength, ultimate tensile strength and total elongation. However, it is not clear if the 
different fracture mechanisms activated under tensile tests are common for another 
stress concentration, like high cycle fatigue. 
 
 
3.3.1. Thermal fatigue samples 
 
For thermal fatigue samples in tensile test, just hot rolled samples were tested and 
here in this section all the results which have achieved will be discussed. 
 
Figure 3.35 is showing the true stress (σ) against the true strain (ε) of the hot rolled 
samples which were thermally fatigue in 15 and 75 cycles. As it can be appreciated in 
this figure, the ductility of the samples decrease by increasing the number of cycles, 
on the other hand, the yield strength magnitude increases by increasing the number of 
cycles. 
 
 
  
 
Figure 3.35 True stress-true strain curves thermal fatigue samples in 15 and 75 cycles 
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In order to have a better overview and better understating of thermal fatigue’s effects 
on our study sample, Figure 3.36 depicting the AR and 500Q samples with the 
specimens which were thermally fatigue in 15 and 75 cycles, in this figure the 
difference between each specimen can be clearly discerned. 
 
 
 
 
Figure 3.36 True stress-true strain curves thermal fatigue samples in 15 and 75 cycles 
 
 
It can be seen that the yield strength, ultimate tensile strength and total elongation for 
the specimens of interest are strongly microstructural dependent, as it can be 
appreciated in Figure 3.36 and summarized in Table 3.5. It can clearly be appreciate 
two different trends depending on their pre-existing microstructure (ustenitic or mixture 
of austenitic and pearlitic phases). As it can be appreciated, the specimens with a full 
austenitic phase presents a total elongation of around 90%, pointing out that this set 
of samples are much more ductile than the specimens with a pearlitic content inside of 
the austenitic microstructure. Thus, the pearlitic phase produces an embrittlement of 
the high Mn-TWIP steel of around 10 times after 75 cycles of thermal fatigue.  
 
Gräel et al. [70] attributed this increasing in elongation during the tensile tests may be 
attributed to strain induce twinning. Furthermore, the presence of the pearlitic content 
in the specimens thermally fatigued produces a significant increasing of the yield 
strength as depicted in Table 3.5, pointing out that the yield strength is strongly 
dependent with the pearlitic phase heterogeneously distributed inside the high Mn-
TWIP steel matrix.  
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Table 3.5 Mechanical properties extracted from true stress-strain curve 
 
Specimen Phase YS (MPa) UTS (MPa) TEL (%) 
AR γ 645 ± 4 1249 ± 4 94 
500Q γ 658 ± 8 1258 ± 8 91 
TFH15 93% wt. γ + 7% wt. pearlitic 750 ± 12 1148 ± 7 23 
TFH75 76% wt. γ + 24% wt. pearlitic 1018 ± 4 1131 ± 12 9.6 
 
 
Furthermore the yield strength (ys) directly extracted from the  curve (see Figure 
3.36) linearly correlated with the pearlitic content (Vpearlitic) created during the thermal 
fatigue treatment (see Figure 3.37) as follows: 
 
 
𝜎𝑦𝑠 = 15.2 ∙  𝑉𝑝𝑒𝑎𝑟𝑙𝑖𝑡𝑖𝑐 + 653.4                         (3.2)                                    


This result has a potential practical implication: by measuring a mechanical property 
at room temperature after performed a tensile test, one can obtain the amount of 
pearlitic content, thus avoiding the polishing process as well as the subsequent 
observation of the microstructure which are expensive and cumbersome to perform in 
industry. 


 
 
Figure 3.37 Yield strength (σys) against the amount of pearlitic phase (%) present in each 
specimen after thermal fatigue. For this representation only the specimens thermally treated 
at 500ºC have been taken into account. 
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Fracture surfaces for the set of specimens investigated by FESEM are shown in 
Figures 3.38 and 3.39 for 15 and 75 cycles respectively. Fracture surfaces for the 
specimens thermally fatigued do not clearly exhibit a ductile fracture because of the 
fractograph exhibits less amount of dimples and present large and deep voids. Finally, 
as it can be appreciated in Figure 3.38, inside of some voids can clearly observed 
some TiN inclusions.  
 
 
 
 
Figure 3.38 FESEM fractographs of TFH15 sample for the hot rolled high Mn-TWIP steels 
 
 
 
 
Figure 3.39 FESEM fractographs of TFH75 sample for the hot rolled high Mn-TWIP steels 
TiN 
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Figure 3.50 exhibits a fracture surfaces magnification for the TFH15 sample pointing 
out that this sample is brittle. In this image, it is possible to appreciate the main defects 
which contribute to fracture under quasi-static conditions. As it can be observed, the 
voids present in the specimens are big compared with the fully austenitic samples with 
the same metal working at the same magnification (see Figures 3.61 and 3.62). Also, 
it is necessary to highlight that no dimples can be observed in this magnification. 
However, in this image the surface of fracture is more crystallographic than for the 
austenitic microstructure due to the presence of secondary phases. 
 
 
 
 
Figure 3.40 FESEM fractographs of TFH15 sample for the hot rolled high Mn-TWIP steels 
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3.4. High cycle fatigue  
 
The nucleation and early propagation of fatigue cracks are strongly influenced by the 
microstructure, the grain, and the strength of the matrix. The deformation twinning is 
known to be the main deformation mechanism, however as we previously observed, 
these specimens present TiN inclusions which can modify the fatigue parameters (i.e. 
fatigue limit, fatigue sensitivity, among others).  
 
Figure 3.41 and 3.42 summarize the fatigue life for the specimens for each test and 
condition of study, number of cycles is showing in vertical axis while the thermal 
treatments are separated in horizontal axis. Each group of columns are divided to 
single columns which are representing different tests which have done for one 
condition. 
 
As illustrated in Figure 3.41, for the cold rolled samples is showing a huge variability 
in number of cycles for the AS, 500Q and 1000Q specimens. As it can be appreciated 
no correlation exists between the grain size and the fatigue properties. This abnormal 
behaviour can be related with other structural defects like inclusions which strongly 
modifies the fatigue limit and the fatigue sensibility randomly. However, the lifetime for 
the 1000N specimen remains quite constant to 70-80·105 cycles also these set of 
specimens are more resistant to fatigue (about twice). This effect can be related to the 
specimens annealed at 1000ºC and normalized present a bimodal grain size 
distribution, being more difficult the crack growth under HCF conditions. 
 
 
 
 
Figure 3.41 Lifetime for cold rolled samples under HCF condition 
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Figure 3.42 Lifetime for hot rolled samples under HCF condition 
 
 
On the other hand as it depicted in Figure 3.42 for the hot rolled samples, for number 
of cycles there are not big gaps between the tests which have done for AR, 500Q and 
1000Q and the number of cycles are almost constant. The number of cycles increased 
dramatically for the first test of 1000N specimen around 5 times more than the highest 
number of cycles for the rest of the specimens, and it reached to 10·105 and for the 
second test of 1000N samples, the number of cycles that achieved was in the same 
range of the other specimens as AR, 500Q and 1000Q. Disregarding to the first test of 
1000N specimens, the number of cycles for the hot rolled samples has a range 
between 1·105 and 2·105 which is negligible compared with the same specimens in 
cold rolled samples. 
 
As have done for the Vickers hardness and tensile tests, in order to get more detailed 
and have better of how the samples behave under high cycle fatigue tests, and to see 
and analysis that what are the main reasons for crack nucleation or breaking under 
high cycle fatigue condition, FESEM observation were conducted for the different 
specimens. 
 
Figures 3.43 to 3.51 are showing the fracture surface of cold and hot rolled samples. 
Prior FESEM observations of the fracture surfaces of high Mn-TWIP steel after high 
cycle fatigue were cleaned by ultrasonic cleaning in acetone. 
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Figure 3.43 FESEM images of the fracture surface of high cycle fatigue for AR cold rolled 
 
 
 
 
Figure 3.44 FESEM images of the fracture surface of high cycle fatigue for 500Q cold rolled 
 
 
 
 
Figure 3.45 FESEM images of the fracture surface of high cycle fatigue for 1000Q cold rolled 
TiN 
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Figure 3.46 FESEM images of the fracture surface of high cycle fatigue for 1000N cold rolled 
 
 
 
 
Figure 3.47 FESEM images of the fracture surface of high cycle fatigue for AR hot rolled 
 
 
 
 
Figure 3.48 FESEM images of the fracture surface of high cycle fatigue for 500Q hot rolled 
TiN 
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Figure 3.49 FESEM images of the fracture surface of high cycle fatigue for 500Q hot rolled 
 
 
 
 
Figure 3.50 FESEM images of the fracture surface of high cycle fatigue for 1000Q hot rolled 
 
 
 
 
Figure 3.51 FESEM images of the fracture surface of high cycle fatigue for 1000N hot rolled 
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Detailed fractographic analyses of the post-mortem specimens indicate that 
deformation twinning, intergranular decohesion or microcracking and TiN inclusions 
are the main responsible for producing a reduction in fatigue life for the high Mn-TWIP 
steels.   
 
Figure 3.44, 3.46, 3.50 and 3.51 exhibit one of the characteristic deformation 
mechanisms activated for the Mn-TWIP steels, which is the deformation twinning. Both 
images exhibit a massive deformation twins around the crack. Mechanical twinning 
occurs during deformation at room temperature due to this steels present high 
manganese content, which stabilizes the austenitic phase at room temperature and 
decreases the SFE to about 20 mJ·m-2 [67,71]. 
 
Furthermore, in high-cycle fatigue specimens, fatigue cracks tend to initiate at or near 
grain boundaries owing to the elastic strain incompatibilities between grains, which 
means the occurrence of strain localization near grain boundaries and interfacial 
cracking as it clearly shows the FESEM micrograph for some specimens, see Figures 
3.45 and 3.47. Due to the accumulation of the fatigue strain, the main fracture 
mechanisms apart of the deformation twining is he intergranular decohesion or 
microcracking as it clearly depicted in left side of Figures 3.45 and 3.47. 
 
In Figure 3.43 and 3.48 it is possible to observe the different fatigue traces activated 
during the HCF experiment. All of them are initiated in the central part of the specimens 
(as it marked by arrows) and starts to growth during the fatigue tests until reach one 
critical defect. As it can be observed in these images, TiN inclusion (marked with the 
white dash lines) located close to the surface of the high Mn-TWIP steel acts as a 
critical defect (see left side photo of Figure 3.43 and 3.48). In these images it is 
possible to appreciate the fatigue traces growing until reaching the ceramic inclusion. 
After that, the specimens break catastrophically. Figure 3.49 is also a photo of 500Q 
for hot rolled sample, it shows a magnification of one fatigue trace is observed in detail. 
As it shows, mechanical twins are located trough the fatigue traces. Being the nitride 
inclusion the main responsible to reduce the fatigue life of high Mn-TWIP steels.  
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4. CONCLUSION 
 
 
The main goal of present thesis is to study the effects of thermal treatment on the 
microstructural behavior and the mechanical properties for high Mn-TWIP steels. 
Based on these aims the conclusions of this study are as follows: 
 
Microstructure  
 
 Thermal treatments have various effect on microstructure of the samples. For 
the cold rolled samples the annealing treatment at 1000ºC and quenched in 
water produces a phase transformation, from austenite to martensitic. While for 
the hot rolled samples the annealing treatment at 1000ºC produce phase 
transformation, from austenite to martensitic in both quenched in water and 
normalized in air samples. 
   
 The grain size as well as a thermal phase transformation (austenite to 
martensite) has a strong effect on the mechanical properties of high Mn-TWIP 
steels mainly under quasi-static tests. However, they do not change significantly 
the Vickers’s hardness as well as fatigue life. 
 
 The annealing treatment at intermediate temperature does not modify the initial 
austenitic microstructure, while the specimens thermally fatigued present some 
pearlitic colonies heterogeneously distributed along the specimen.  
 
 The maximum amount of pearlitic phase (~ 24 wt.%) is reached for specimens 
thermally fatigued during 36, 56 and 75 cycles at 500ºC. 
 
Vickers hardness 
 
 For both cold and hot rolled samples, the specimens annealed at 1000ºC 
presents a huge density of mechanical twins surrounding the micro-hardness 
imprint compared with the AR and the specimen annealed at 500ºC. This 
phenomenon may be due a chemical composition shift during the thermal 
treatment, causing a variation of the SFE. 
 
 Vickers’s hardness for pearlitic content is around 15% higher than the austenitic 
matrix because of the distance between ferrite and cementite layers, which 
plays an interesting role in their mechanical properties because, the distance 
between layers block the deformation mechanisms in terms of dislocation 
motion as well as the cementite phase restricts the deformation of the ferrite 
phase in regions adjacent to the phase boundary. 
 
 The experimental values presents a global trend between Vickers hardness and 
pearlitic contents follows a monomolecular growth function. 
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Tensile  
 
 The stress-strain curves are strongly dependent with the pre-existing 
microstructure, showing a ductile behavior for the austenitic phase and a brittle 
behavior for a mixture microstructure (austenitic/pearlitic). 
 
 Several micro-serrations in the stress-strain curve as a result of the generation 
and propagation of a Portevin LeChatelier bands appear for the AR specimen 
with an austenitic microstructure. 
 
 The specimens with higher pearlitic content (after 75 thermal fatigue cycles) 
presents higher yield strength (~58%) compared with the specimens with a fully 
austenitic microstructure (AR and 500Q). 
 
 
 The specimens tested under tensile presents mechanical twins surrounding the 
fracture surface, as it is expected. However, Voids, TiN inclusions and the 
pearlitic microstructure are the main responsible breakage mechanisms for the 
specimens tested under tensile conditions. 
 
High cycle fatigue 
 
 For cold rolled samples, the AR, 500Q and 1000Q specimens tested under high 
cycle fatigue tests did not present any trend due to the TiN inclusions 
heterogeneously distributed along the specimen. However, for the 1000N 
sample present a similar trend due to the bimodal grain size distribution with a 
fatigue life of around 75-80·105 cycles 
 
 Due to the microstructure and the internal defects, the high Mn-TWIP steel is 
more sensible to HCF assays than tensile tests. 
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